If spin polarized muons are stopped In a solid, the muon spin will precess at the Larmor frequency in the local magnetic field until the muon decays (the lifetime is 2.2 µs). By detecting the time depen dent angular correlation pattern of the decay positron, the muon spin rotation (µSR) can be observed and thus local magnetic fields can be measured.
Negatively charged muons (µ-) be have in matter like heavy electrons. They are attracted by the electric fields of the nuclei and fall rapidly into their atomic ground state which has a radius about two hundred times smaller than that of the lowest electron states. Positively charged muons (µ-) on the other hand, behave in condensed matter like light unstable protons. They are repelled by nuclei and go preferentially to interstitial regions. In metals their charge is screen ed by conduction electrons, whereas in semiconductors and insulators a µ+ may capture an electron to form a para magnetic state called muonium.
History
Within two days in January 1957 three manuscripts were submitted to Physical Review, each one describing a separate novel experiment confirming the violation of parity in weak interac tions, as suggested by Lee and Yang. The first (Wu et al.) reported on the ex periments on decay of polarized nu clei. In the second Garwin, Lederman and Weinrich, by inventing the muon spin rotation technique, showed that parity is violated in both the π+ → µ+ vµ (1) and the µ+→ e+ +ve + vµ (2) decays. The third paper by Friedman and Telegdi introduced the notion of muo nium and noted the spin-depolarizing ef fects arising from its hyperfine interac tion and the rapid precession of its total magnetic moment in an external magne tic field. These last two papers set the stage for µSR and established the prin ciples on which most applications in solid-state physics are based.
It is remarkable that in the paper by Garwin et al. appeared already the spe culation "... it seems possible that polari zed positive and negative muons will be come a powerful tool for exploring ma gnetic fields in nuclei, atoms and inter atomic regions". Applications to solid state physics were, however, rare until the construction of the meson factories about ten years ago. At present µSR is done at SIN (Villigen, Switzerland), TRIUMF (Vancouver), LAMPF (Los Ala mos), CERN, DUBNA, KEK (Japan), and in the near future in Brookhaven, at NIKHEF (Amsterdam) and at SNS, the spallation neutron source at the Rutherford-Appleton Laboratory in England. Al though the method is limited by the few existing muon beams, µSR activity has increased dramatically. The progress and status of µSR research can best be found by consulting the proceedings of the three µSR conferences given in Refe rence 1. Fig. 1 shows in the upper part the pion decay (1) and the muon decay (2) at maximum possible energy. When the muon is produced it is fully longitudinally polarized in the pion rest-frame. When it decays it follows from conservation laws that the positron is emitted in the muon spin direction. The angular corre lation pattern for this case is as shown on the left of the figure. If all the posi trons in the decay are considered the angular correlation function is:
where θ is the angle between the muon spin and the direction of the decay posi tron, giving the angular correlation pat tern shown on the right. For negative muons the cosine term is negative. If an external magnetic field is applied per pendicular to the incoming muon spin, direction, the spin will precess with the Larmor frequency ωL = γµB.
The three quantities obtained from a µSR experiment are : 1) the anisotropy A: if all muons are in the same state, A = 1/3. 2) the Larmor frequency ωL: this is a direct measure of the field Bµ at the muon. 3) the relaxation function P(t): in a transverse field this measures field inhomogeneities e.g. due to nuclear dipolar fields. The form of P(t) (ex ponential or Gaussian decay) gives information about the motion of the muons. As an example, Fig. 2 shows the µSR spectrum of polycrystalline copper mea sured at room temperature in an external transverse field of 50.6 m T. The observ ed frequency ωL = γB, the amplitude after corrections for solid angle effects A = 1/3; no relaxation is observed i.e. P(t) = 1. µSR in Ferromagnetic Cobalt µSR can be used to measure directly local fields at interstitial sites in ferroand antiferromagnets. One of the first series of measurements made at SIN will serve as an example. These were on an ellipsoidal single crystal of cobalt in zero external field over a range of tempe ratures. The results shown in Fig. 3 were quite unexpected. The local field Bµ changes from -31.7 mT at 0 K to +40 mT at 690 K. At the HCP-FCC phase transition at 690 K, Bμ jumps to + 74 mT and then follows approximately the ma gnetization curve.
In a non-magnetized sample the local field is: Ημ = Bµ/µ0 = HL + Hdip + Hhf (4) where HL = 1 /3Ms is the Lorentz field which is proportional to the saturation magnetization, and Hdip is the dipolar field from the atomic dipoles inside the Lorentz sphere. The hyperfine field Hhf (= Fermi contact field) measures direct ly the local spin density at the interstitial muon site (Hhf = -4/3µB ρspin). So µSR offers the unique possibility of measur ing the spin density at interstitial sites, and thus complements neutron diffrac tion experiments, which are insensitive to interstitial spin densities.
The dipolar field depends on the site of the muon and the direction and ma gnitude of the local Co moments. The direction of the magnetization is known to change from being parallel to the hexagonal axis for T < 520 K to perpen dicular for T > 600 K. This in turn chan ges the dipolar field at the muon by a fac tor of two and is reflected in the observ ed rapid change of the Larmor frequency in this temperature region. Three sites in the crystal lattice appear as reasonable stopping sites for a muon, the tetrahe dral and octahedral interstitial sites, and the substitutional site, if the muon is trapped by a vacancy. The calculated fields Bdip(tet) and Bdip(oct) are shown as dashed and solid lines respectively in Fig. 3 . A comparison with the measured value indicates that Bμ follows roughly Bdip (oct). This measurement as well as those made in external fields show un ambiguously that the muon in Co is at the octahedral site or diffuses between the octahedral sites. The results in Co, discussed in more detail in a review arti cle2) are for T = OK : Bµ = -31.7 ± 1.0 m T Bhf = -610 ± 20 m T Bdip = -24.2 m T ρspin = 0.039 µB/Å3 
(3).
The muon is at the octahedral interstitial site.
Similar results have been obtained for other elemental ferromagnets as well as for some antiferromagnetic com pounds.
Muon Diffusion in Metals
In ferromagnetic iron, which has a bcc structure, both the octahedral and tetra hedral interstitial sites have tetragonal symmetry. In the unit cell there are thus several sites which are chemically equi valent but, for a general direction of ma gnetization, magnetically different. Sta tionary muons would occupy randomly the chemically equivalent sites and one would expect different Larmor preces sion frequencies depending on the diffe rent dipolar fields. Over a large tempera ture interval one observes, however, a single frequency which indicates that the muon diffuses rapidly in Fe so that the different field contributions are averaged out. At very low temperatures, the relaxation rate of the signal increa ses indicating a slowing down of the dif fusion.
In non-magnetic metals the muon pre cession is in general disturbed by dipolar fields which are produced by the magne- Fig. 3 tic moments of neighbouring nuclei. These nuclear spins are not ordered and thus produce at the interstitial sites variable dipolar fields of the order of 10-4 T. The Larmor precession of stationary muons in a transverse magnetic field of about 0.1 T is slightly disturbed by these additional randomly oriented dipolar fields and muons at sites with different fields precess at different frequencies. This results in an effective relaxation function given by : P(t) = exp(-σ2t2).
(5) The quantity σ2 is a measure of the width of the dipolar field distribution and depends on the site of the muon, its dis tance to the neighbouring nuclei, as well as on the orientation of the external field with respect to the crystal axes. This enabled the determination of the muon site in Cu. It was found that the µ+ is stationary at the octahedral interstitial sites below 80 K and that the positions of the nearest Cu neighbors are slightly distorted. This lattice relaxation around the impurity lowers the energy. The muon is self-trapped and forms a small polaron. The non-vanishing electric field gradient at the nearby Cu nuclei has also been measured by observing the in fluence of the quadrupolar interaction of the Cu spins on the muon precession at lower external field strengths.
At temperatures above 80 K the muons start to diffuse in the Cu lattice, thereby averaging out the different dipo lar field contributions which results in a reduction of the relaxation rate and in the change of the form of the relaxation function to an exponential : In Fig. 4 , the change of the relaxation rate in Cu as a function of temperature is shown. Above room temperature the dif fusion is already so fast that within the experimental limits due to the finite muon lifetime, no depolarization is ob served.
The change-over from the stationary relaxation function (5) to the one that has been averaged by motion (6) is usually described by P(t) = exp (7) The correlation time τc is directly related to the diffusion coefficient D. A fit of the time spectra to this relaxation function then yields D as a function of T. In Cu, where D = a20/12 τc, it was found that D follows essentially an Arrhenius type temperature behaviour D = 4.4 x 10-13 exp[-48 meV/kT] m2s-1. The activity energy of 48 meV is very low compared to the 400 meV measured for hydrogen diffusion in Cu but can be explained by phonon-assisted tunnelling between ground states for which the isotope ef fect is rather large.
In recent experiments, a decrease of the relaxation rate in Cu below 20 K was observed. This is an indication for the onset of coherent diffusion which also occurs for muons in other metals. In pure AI samples, e.g., no depolarization is observed down to 30 mK. Information about the diffusion can, however, be ob tained indirectly from measurements on samples which are electron-irradiated or doped with impurities. Coherent diffu sion is very sensitive to deviations from the periodic lattice potential produced by the strain fields. It is found that muons are trapped near vacancies or im purities but are released at elevated tem peratures. The dependence of the re laxation rate on the impurity content of the sample then allows one to determine the diffusivity in the pure sample. These µSR experiments have provoked a re newed interest in the theory of quantum diffusion of light particles but many pro blems are still not understood. µSR in Semiconductors and Insulators If a positive muon is stopped in an insulator or semiconductor, it may cap ture an electron and form muonium (Mu = (µ + e-)). Since the muon has a large mass compared to the electron (the reduced electron mass is me * = me/(1 + me/mµ) = 0.9952 me) many pro perties of the Mu and H atom are similar. E.g. the binding energies and the 1s radii are EH = 13.598 eV aH = 0.5295 Å EM u = 13.540 eV aM u = 0.5317 Å In a solid, the electron wave-function may be distorted owing to the interac tion with the electronic structure of the environment. This leads to a change in the hyperfine interaction, which is di rectly measured by µSR. We first dis cuss the appearance of muonium with an isotropic hyperfine interaction the so called "normal muonium (Mu)" and then a muonium state showing an anisotropic hyperfine coupling constant the "ano malous muonium (Mu*)".
Normal Muonium
The Hamiltonian which determines the time evolution of the muon spin in Mu is (8 )
In the Zeeman terms 1 /2geµe B = -9.285 x 10-2 4 J/T and 1/2gµµµB = +4.490 x 10-2 6 J/T are the magnetic moments of the electron and muon respectively. The hyperfine constant A for the 1 s state is proportional to |ψ(0) |2 the electron den sity at the muon site : (9) The energy level diagram for Mu is shown in Fig. 5 . In an external transverse field the Δm = ± 1 transitions can be observed and from the measured fre quencies the hyperfine constant is ob tained. Figs. 6-8 show three characteris tic results obtained in: the weak field Zeeman region, zero field and the strong field Paschen-Back region. In standard µSR, only the intratriplet transitions can be seen because of the limited time resolution (Fig. 6) . Our group has made a special effort to improve the resolution to 150 ps (FWHM) and this has allowed us to measure directly the hyperfine fre quency v0 in zero magnetic field; it also gives greatly improved precision (see Fig. 7 ). A problem for many years was that in many insulators no signal at all could be detected. The reason was found to be the superhyperfine interac tion, the interaction between the Muelectron and the surrounding nuclear spins which results in a multitude of unresolved small amplitude frequencies. In a high transverse field (B = 1 T), how ever, where the spins of the muon, elec tron and nuc+ lei are decoupled, the two lines v12 and v34 are observable (Fig. 8) . The sum of the two lines is exactly equal Si, and Ge down to the lowest tempera ture measured. So far no consistent ex planation for Mu(H) in semiconductors has been found, although various mo dels have been suggested.
Anomalous Muonium
In C, Si, Ge and other solids the origi nally not understood anomalous muo nium Mu* state has been observed. It is described by a Hamiltonian whose hyperfine interaction has axial sym metry about one of the four equivalent < 111 > directions in the diamond lat tice: H = A (IxSx + IySY ) + AIIIz Sz + Zeeman terms (10) Fig. 9 shows µSR measurement done on diamond powder in zero field. The three frequencies v1, v2 and v3 observed are :
The expected intensities of the three lines are like l1 : l2: l3 = 2:2:1. However it is observed that the relative intensities of the three lines are strongly tempera ture-dependent. The effect is quantitati vely explained by a transition of the fast diffusing isotropic Mu to the localized anisotropic Mu* state.
Channelling experiments for the posi trons emitted from the localized Mu* in Si indicate that the Mu* is localized along a < 111 > axis at 1.45 Å from the Si atom in the tetrahedral bond direction relative to a Si vacancy. Mu* measure ments in external fields depend of course on the crystal orientation and give much additional information on va rious properties of this interesting light hydrogen isotope.
Other Techniques and Applications
The µSR technique introduced above is called the individual time-differential µSR method in transverse fields since, as indicated in Fig. 1 , the decay posi trons from individual muons stopped in the sample are recorded one after the other. Other methods which may be favourable to study certain effects in volve longitudinal or zero field methods. If pulsed muon beams are available, col lective µSR and resonance methods can be used.
These few examples of the µSR me thod in solid state physics have been selected to give a rough idea of the po tential applications of this still new field. Among other possible applications, the use of the muon as a light hydrogen iso tope in chemistry, Knight shift experi ments, µSR studies in spin glasses, the use of negative muons to probe the nuclear charge distribution, and high precision QED measurements should be mentioned.
